Nowadays, Unmanned Aerial System (UAS)-based photogrammetry offers an affordable, fast and effective approach to real-time acquisition of high resolution geospatial information and automatic 3D modelling of objects for numerous applications such as topography mapping, 3D city modelling, orthophoto generation, and cultural heritages preservation. In this paper, the capability of four different state-of-the-art software packages as 3DSurvey, Agisoft Photoscan, Pix4Dmapper Pro and SURE is examined to generate high density point cloud as well as a Digital Surface Model (DSM) over a historical site. The main steps of this study are including: image acquisition, point cloud generation, and accuracy assessment. The overlapping images are first captured using a quadcopter and next are processed by different software to generate point clouds and DSMs. In order to evaluate the accuracy and quality of point clouds and DSMs, both visual and geometric assessments are carry out and the comparison results are reported.
INTRODUCTION
Recent developments in the UAS-based data acquisition techniques and low cost aerial imaging sensors improve the speed of rapid 3D mapping in numerous civil, agriculture, military and archeology applications. In order to process resulting several hundred high resolution overlapping images and therefore automatic 3D reconstruction, different photogrammetry and computer vision algorithms have been developed based on dense image matching techniques. These algorithms first extract the corresponding features or points in the overlapping images and then compute 3D information for each pixel. Currently, a number of commercial and open source tools and software are available to handle all steps of an image based 3D modeling framework from image preprocessing to generation of 3D geospatial products like point clouds, DSMs, orthophotos, mesh models, texture models and so on. Since the selection of best solution for 3D modeling and mapping is an important issue in many projects, the performance of the state of the art UAS-based photogrammetric software are evaluated in current researches (Schwind and Starek, 2017; Burns and Delparte, 2017; Svensk, 2017; Zečević, et al., 2017; Niederheiser, et al., 2016; Haala and Cavegn, 2016; Bhandari, et al., 2015; Remondino, et al., 2014; Haala, 2013) . Two well-known commercial software, i.e. Pix4D and Agisoft Photoscan, as well as the OpenDroneMap as an open source software are compared based on the quantity and quality parameters over varying terrain. Based on the results of this assessment, the total number of generated points by Pix4D is higher than other software. However, the accuracies of point cloud generated by Pix4D and Agisoft Photoscan are very close to each other in different types of land covers and higher than the accuracy of point cloud generated by OpenDroneMap (Schwind and Starek, 2017) . In an interesting application, both Pix4D and Agisoft Photoscan software are employed to generate a 3D model of underwater objects with different spatial scales. Three metrics as the image alignment, total spatial error, and reprojection error were used to compare the capability of both software in 3D modeling of complex structures under water. As the result, the image alignment by Agisoft Photoscan is carried out better while the total error of 3D model generated by Pix4D is lower (Burns and Delparte, 2017) . In forest inventory application, four software of Keystone, SURE, Agisoft Photoscan, and MicMac are used to generate point clouds in order to estimate the parameters of trees. Based on the calculated RMSE values, Keystone and SURE performed somewhat better while MicMac placed third and Agisoft Photoscan achieved the less accurate result (Svensk, 2017) . In order to produce 3D model of a vegetated rock face, different software packages such as Agisoft PhotoScan, Pix4D, a combination of Visual SFM and SURE, and MicMac are utilized and compared based on visual assessments and height profiles. In this evaluation, acquired terrestrial images by compact cameras with different sensor sizes and lenses and default parameters of software are used to generate point clouds. In this application, the generated point clouds by Agisoft PhotoScan and MicMac have better accuracy (Niederheiser, et al., 2016) . In another study, the generated DSM by Agisoft PhotoScan, Pix4D and LPS over a sand mine are compared using the ground control points. Based on the results, the RMSE and mean error of Pix4D's DSM is lower than other two software. According to accuracy of generated DSM by LPS, it seems that using an aerial image-based software is not suitable for processing the UAV-based images (Bhandari, et al., 2015) . A visual comparison between point clouds generated by different commercial and open source dense image-matching software such as SURE, MicMac, Agisoft PhotoScan and PMVS is carry out for both close range and aerial imaging applications. Based on the height profiles, the performance of software to generate point clouds depends on the type of application and the terrain. Also, a clear ranking of software is not reported. However, Agisoft PhotoScan and SURE have more appealing and reliable results (Remondino, et al., 2014) . A visual assessment between different DSMs generated by various photogrammetric software such as SURE, MicMac, SocetSet, Match-T and the German Aerospace Center (DLR) matching algorithm is carry out on a benchmark dataset from the European Spatial Data Research Organization (EuroSDR). For better evaluation of image matching algorithms, the height profiles on different land covers such as building, river, trees and shadows are compared (Haala, 2013) .
MATERIALS AND METHOD
In this study, the most commonly used UAS-based photogrammetry software packages are selected to generate 3D models of a historical site and the results are then compared. The main steps of this study as shown in Figure 1 are including: image acquisition, point cloud generation, and accuracy assessments. In the first step, about 300 aerial photos with 70-80% overlap and 0.97 cm spatial resolution were taken at a flying altitude of about 40 m over the ancient city of Harireh (Wikipedia, 2017) , in Kish Island, Iran (Figure 2 ). The aerial sensor is a 20-megapixel camera which is installed on a DJI Phantom 4 Pro system (DJI, 2017) . After removing the low quality images, only 89 images were retained for 3D modelling. The camera position and orientation parameters are also provided from the on-board Inertial Measurement Unit (IMU) and Global Positioning System (GPS). These parameters are stored as the EXIF data in images' metadata and employed by software for geo-referencing application. Next, the trial versions of UASbased software such as 3DSurvey (3DSurvey, 2017), Agisoft Photoscan (Agisoft Photoscan, 2017 ), Pix4Dmapper Pro (Pix4D, 2017 , and SURE (nFrame, 2017) are utilized for image-based modelling. The common workflow for dense point cloud generation includes pose estimation, image alignment, tie points generation, dense point cloud generation by dense stereo matching techniques such as the Semi-Global Matching (SGM) algorithm (Hirschmueller, 2005) , and 3D modelling (Alidoost and Arefi, 2015) . The recommended parameters as well as same settings are used to generate dense point clouds (e.g. the "high" option for dense point cloud generation). Moreover, in order to apply same settings, the resulting dense point clouds are just considered as the final output of each software and further used to generate DSM by a third-party software. DSMs with spatial resolution of 2 cm are generated from point clouds based on the Inverse Distance Weighting (IDW) interpolation technique. Since the image alignment parameters are not calculated by SURE software, orientation information should be imported from the other tools such as VisualSFM, Pix4D, and so on (SURE Manual, 2014) . In this study, the "calibrated camera parameters' file" calculated by Pix4D is employed. Moreover, in order to generate a point cloud in a correct global coordinate system (e.g. UTM) by SURE, another file of Pix4D's outputs which it is called the "calibrated external camera parameters" should be in a same folder with the calibrated camera parameters' file to be taken into account as well by SURE (SURE Manual, 2014) automatically. Finally, the geometric accuracy of generated point clouds as well as DSMs are evaluated separately and also to each other using the standard descriptors and the robust descriptors to outliers. In addition, the visual qualities are illustrated by Quantile-Quantile (Q-Q) plots (Höhle, 2009) , elevation profiles and error classification maps. If there is a strong deviation from a straight line in Q-Q plots, there is a non-normal distribution of elevation errors because of outliers and some systematic errors in data. 
RESULTS AND DISCUSSION
The software's assessments focused on two main components: visual quality and geometric accuracy of each point cloud as well as two relative accuracy between two point clouds.
Absolute Point Cloud Assessments
In order to evaluate the performance of dense point cloud generation, the number of key points per image, the number of final dense points, point count in a same extent, point spacing, spatial error for horizontal and vertical components, and the computational time are reported as shown in Table 1 . The number of extracted key points per image for Pix4Dmapper Pro is higher while the number of final dense points for Agisoft Photoscan is higher than the other tools. The point cloud of 3DSurvey is less dense, consequently its computational time is higher than the others. The point spacing for point clouds of Agisoft Photoscan and Pix4Dmapper Pro is similar (0.016 m) and lower than point spacing for two other software. There is no significant difference in spatial errors for point clouds of 3DSurvey and Agisoft Photoscan. In addition, the processing time of Agisoft Photoscan, Pix4Dmapper Pro and SURE is similar to each other, roughly.
ISPRS Annals of the
The overall visual quality of resulting 3D point cloud over various land cover types such as walls, hills and trees are shown in Table 2 for each software. It could be concluded that the differences in the total number of points by four software do not indicate significant quality differences in the final 3D reconstruction. For all software, due to different error sources in matching process, the gap areas are created and therefore, the quality of 3D reconstruction is decreased. For example, because of hidden areas around the trees and mismatching error in vegetated areas as well as shadows in the walls' corners, there are some gaps in generated point clouds. However, the error is low in case of Pix4Dmapper Pro and SURE. In addition, there are some bigger gap areas in walls due to unsuitable view angle of images for all software. Also, the error regarding to the detail missing in the sandy hills due to smoothing processing is clear in the generated point cloud by 3DSurvey.
In order to illustrate the quality of DSMs, several elevation profiles are extracted along different land cover types such as large steep edges (Figure 3 For the 3DSurvey's DSM, there are smoothing and details removing errors specially at the natural topographic objects such as hills (Figures 3, 5 , and 6), a large vertical shift (Figure 4) , a large horizontal shift (Figure 1 ), and significant elevation spikes for all land cover types ( Figures 3, 4 
and 7). For the Pix4Dmapper
Pro's and the SURE's DSMs, the results are more appealing and the trend of elevation profiles are similar to each other. Although, the smoothing level in the SURE results is a little more than Pix4Dmapper Pro's results and it has caused the small elevation differences (e.g. appear as a kind of noise) are lower at the continuous surfaces (Figures 3, 4 , 5 and 6). Finally, for the Agisoft Photoscan's DSM, there are a significant vertical shift (Figures 3-7) , and elevation spikes at the flat surfaces (Figure 4) . However, the small elevation differences are smaller for the Agisoft Photoscan's DSM than for the Pix4Dmapper Pro's DSM (Figures 1, 5 , and 6). In vegetated areas, it is accepted to have many small height differences at the crowns. However, of the four software, the extracted details by 3DSurvey is lower ( Figure  5 ). 
Relative Point Cloud Assessments
For relative software comparison, the mean error and standard deviation of 3D distances between point clouds are calculated based on a quadric function included six parameters. As shown in Figure 8 , the lowest values of mean error and standard deviation of distances are obtained for point clouds generated by Pix4Dmapper Pro and SURE. This might be because of that SURE was initialized using calculated calibration parameters by Pix4Dmapper Pro. Also, there are a considerable difference between two point clouds generated by Agisoft Photoscan and 3DSurvay due to significant difference in the point densities as well as high level smoothing of points applied by 3DSurvay.
The accuracy assessment of the height differences between two DSMs can be calculated based on standard descriptors such as the mean of errors, Root Mean Square Error (RMSE), Standard Deviation (SD) (Figure 9 ) and the robust descriptors to outliers as the median of errors, Normalized Median Absolute Deviation (NMAD), and sample quantiles of errors (Höhle, 2009) (Figure  10 ). According to the mean error value between Agisoft Photoscan's DSM and DSMs of other three software, it could be concluded that there is a significant elevation bias of approximately 0.2 m in Agisoft Photoscan's DSM. The average of median errors between Agisoft Photoscan's DSM and DSMs of other three software is about 0.25 m which is a robust measure to prove the existence of systematic vertical shift between the two groups of data.
The RMSE metric is a widely employed measure of conformity between two DSMs, and if the RMSE and SD values are similar, it could be concluded that the distribution of errors is normal and there is no outliers or systematic errors in two DSMs. In order to have accurate and reliable assessments, NMAD and quantiles values can be used instead of standard statistical parameters (Höhle, 2009) . As shown in Figure 10 , The lowest value of NMAD (0.01 m) is for the height differences between Pix4Dmapper Pro's and SURE's DSMs, while the highest value is for the height differences between 3DSurvey's DSMs (0.1 m) and other three software. It indicates that the 3D models from Pix4Dmapper Pro, SURE and Agisoft Photoscan are similar to each other and are different from the 3DSurvey result.
Moreover, the error values in the 68.3% and 95% quantiles between 3DSurvey's DSMs and other three software indicate that about 27% of generated points by 3DSurvey lead to high elevation differences. In addition, 68.3% of height differences between Agisoft Photoscan's DSMs and Pix4Dmapper Pro's and SURE's DSMs is about 0.23 m, while 95% of errors is about 0.26 m.
In order to illustrate the distribution of height differences between DSMs, the Q-Q plots are used ( Figure 11 ). As shown in Figure 11 , the Q-Q plots related to 3DSurvey indicate a significant difference between the performances of 3DSurvey in point cloud generation against other three software. Figure 11 . The Q-Q plots of height differences between two DSMs
Finally, other characteristics of software packages that they can considered for comparison, are as Table 3 . For this analysis, the main components such as good documentation and report exporting, parameters controlling, user friendly, variety in output productions, independency, time and memory optimization can be voted as the score of 2 for very good and the score of 1 for good performance of different software packages. According to reported results of software comparisons, software with best performance could be selected based on the object of interest, geometric and visual accuracy of 3D reconstruction, resolution and scale of interest, software and hardware capabilities and the budget. 
CONCLUSION
The result of this study demonstrate the capability of commercial photogrammetric software packages for automatic 3D reconstruction of different features using high resolution aerial images over a historical site. In this assessment, various visual and geometric metrics are used to measure the quality of generated point clouds as well as the performance of software. Despite existing the vertical shift in height values of Agisoft Photoscan's DSM, the 3D point clouds of Agisoft Photoscan, Pix4Dmapper Pro and SURE are more similar and 3DSurvey's point cloud has less accuracy and quality. However, the unsatisfying results could be improved by changing the parameter settings.
